Signal transducers and activators of transcription (STATs) comprise a family of cytoplasmic transcription factors that mediate intracellular signaling that is usually generated at cell surface receptors and thereby transmit it to the nucleus. Numerous studies have demonstrated constitutive activation of STAT3 in a wide variety of human tumors, including hematological malignancies (leukemias, lymphomas, and multiple myeloma) as well as diverse solid tumors (such as head and neck, breast, lung, gastric, hepatocellular, colorectal and prostate cancers). There is strong evidence to suggest that aberrant STAT3 signaling promotes initiation and progression of human cancers by either inhibiting apoptosis or inducing cell proliferation, angiogenesis, invasion, and metastasis. Suppression of STAT3 activation results in the induction of apoptosis in tumor cells, and accordingly its pharmacological modulation by tyrosine kinase inhibitors, antisense oligonucleotides, decoy nucleotides, dominant negative proteins, RNA interference and chemopreventive agents have been employed to suppress the proliferation of various human cancer cells in culture and tumorigenicity in vivo. However, the identification and development of novel drugs that can target deregulated STAT3 activation effectively remains an important scientific and clinical challenge. This review presents the evidence for critical roles of STAT3 in oncogenesis and discusses the potential for development of novel cancer therapies based on mechanistic understanding of STAT3 signaling cascade.
Introduction
Cancer still remains a deadly disease and second leading cause of mortality worldwide. It is well established that the inheritance of mutated genes and somatic mutations are major causes for cancer development. Large-scale integrated cancer genome characterization efforts including the cancer genome atlas have provided critical insights into the genetic alterations and the potential to identify novel therapeutic targets [1, 2] . In addition, lifestyle related factors and environmental agents for instance, obesity, alcohol, tobacco, radiation, environmental pollutants, chronic infections, and highcalorie diet can alter the expression of essential proteins involved in multiple cellular pathways leading to changes in growth, differentiation and apoptosis [3] [4] [5] [6] . The molecular mechanisms by which these risk factors induce cancer are becoming increasingly clear. One common phenomena through which these risk factors initiate and promote tumorigenesis is that of chronic inflammation. The critical link between chronic inflammation and cancer is clearly illustrated by the fact that major pro-inflammatory transcription factors nuclear factor-κB (NF-κB) and signal transducers and activators of transcription 3 (STAT3), can be activated by several of these important cancer risk factors [7] . These two oncogenic transcription factors have been found to play key roles in tumorigenesis and can thus be considered as potential targets in strategies to prevent or treat cancer.
STAT3 was initially discovered in the context of the specificity of the interferon (IFN) signaling [3, [8] [9] [10] [11] . STAT3 was at first described in interleukin-6 (IL-6) stimulated hepatocytes as a DNA-binding factor capable of selectively interacting with an enhancer element in the promoter region of acute-phase genes [12] . Later, it was found that STAT3 can be activated by the entire IL-6 family of cytokines and growth factors such as epidermal growth factor (EGF) [13] [14] [15] . Subsequently, the potential oncogenic role of STAT3 was established by the expression of constitutively activated STAT3 in various tumor cell lines including breast, colon, gastric, lung, head and neck, skin, and prostate [16] [17] [18] [19] . The STAT family comprises seven members namely, STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, and STAT6. They range in size from 750 to 850 amino acids and, based on their functions, the entire STAT family can be divided into two groups. The first group consists of STAT2, STAT4, and STAT6, which are activated through a small number of cytokines and are involved in T-cell development and IFN-γ signaling. The second group includes STAT1, STAT3, and STAT5, which are activated in different tissues through various ligands and are involved in IFN-γ signaling, development of mammary glands, and embryogenesis. The latter group of STATs plays a key role in oncogenesis since they control cellcycle progression and apoptosis [20] . In the human genome, all the STAT members are organized on 3 different chromosomes, for instance, STAT1 and STAT4 are clustered on chromosome 2, whereas STAT3, STAT5a, and STAT5b are clustered on chromosome 17, while STAT2 and STAT6 are assembled on chromosome 12 [21] . STATs have also been found to be mutated in certain malignancies, e.g. NAB2-STAT6 gene fusions in solitary fibrous tumor (SFT)/hemangiopericytoma [22] , STAT3 mutations in T large granular lymphocytic leukemia [23] and STAT5b mutations in large granular lymphocytic leukemia [24] . Of the STAT family of proteins, STAT3 has received greatest attention since it is involved in a number of oncogenic signaling pathways and intra-cellular signal transduction pathways stimulated by several pro-inflammatory cytokines and growth factors [25] .
The STAT3 family of transcription factors also controls numerous physiological processes including development, differentiation, immunity, metabolism, and is aberrantly expressed in pathological conditions such as cancer. Several cytokines and growth factors like IL-6 and EGF family members, as well as hepatocyte growth factor (HGF) mediate activation of STAT3 by phosphorylation. The IL-6 family of cytokines can regulate cell differentiation as well as cell growth. They induce the differentiation of B cells into antibody-forming plasma cells and the differentiation of the myeloid leukemia cell line, M1 into macrophages. Several evidences support a central role of STAT3 in these differentiation processes [26] . STAT3 has also been implicated in B cell differentiation. CD40 is a receptor that is critical for the survival, growth, differentiation, and isotype switching of B lymphocytes. Interestingly, CD40 stimulation can also induce the activation of JAK3 and STAT3 [27] .
Initiation of STAT3 activation through ligand (such as IL-6 and IL-22)-receptor interaction results in dimerization of a signal transducer protein, gp130 in the cytoplasm [28, 29] . This is followed by induction of Janus-kinase (JAK) phosphorylation and subsequently STAT3 phosphorylation. The JAK family of tyrosine-kinases especially JAK1 mediates the activation of STAT3 [30] . Phosphorylated STAT3 monomers combine to form dimers and translocate into the nucleus to induce transcription of genes involved in cell survival and proliferation [31] [32] [33] [34] . However, non-phosphorylated STAT3 is also capable of dimerization and induction of transcription [35] . Once activated, STAT3 controls the expression of anti-apoptotic, pro-proliferative and immune response genes. Moreover, due to up-regulation of upstream signaling pathways attributed to autocrine and paracrine factors that are produced within the tumor microenvironment, STAT3 is constitutively phosphorylated in neoplastic cells [36] . STAT3 transcriptional activity and DNA binding are further enhanced through serine (Ser 727) phosphorylation.
It has been found that cancer cells harboring aberrant STAT3 activity have elevated levels of anti-apoptotic (Mcl-1 and Bcl-xL) and cell cycle regulating proteins (cyclin D1 and c-Myc) [37] [38] [39] . Thus, cancer cells expressing constitutively activated STAT3 are more resistant to apoptosis and chemotherapies aimed at initiating apoptosis. Numerous groups have shown that in vivo administration of STAT3 inhibitors have antitumor effects in human cancer xenograft mouse models. Indeed, a growing number of pre-clinical studies conducted in numerous cancer types, as well as the first Phase 0 clinical trial of oligonucleotide-based decoys of the STAT3 DNA-binding, suggest that STAT3 is a valid therapeutic target for cancer therapy [37] . Phase 0 studies are exploratory studies that often use only a few small doses of a new drug in each patient. They are generally carried out to find whether the drug reaches the tumor, how the drug acts in the human body, and how cancer cells in the human body respond to the drug. For instance, in 2009, Xu and colleagues [40] from Baylor College of Medicine patented a promising group of STAT3 inhibitors that emerged from in silico screening using docking software [41] .
The current knowledge of STAT3 signaling pathway allows the study of numerous strategies to suppress STAT3 activation such as inhibiting the receptor ligand complexes, blocking the kinases that phosphorylate the cytoplasmic tail of the receptor, inducing the activity of the phosphatases that dephosphorylate STAT3, inhibiting JAK kinases thereby stopping STAT3 dimerization, preventing nuclear translocation of STAT3, blocking STAT3 DNA binding and transcriptional activity and application of STAT3 anti-sense strategies and decoy oligodeoxynucleotides [14, 42] . Moreover, DNA-alkylating agents that are platinum complexes, such as cisplatin, are extensively used in chemotherapy and STAT3 was observed to be inhibited by cisplatin. In particular, Turkson et al. [43] generated a platinum (IV)-based compound, CPA-7, which was found to inhibit STAT3 at low micromolar concentrations. A second compound based on the same principle, IS3 295, decreased expression of cyclin D1 and Bcl-xL and induced cell-growth arrest at G 0 /G 1 phase and apoptosis of tumor cells [44] . Meydan et al. [45] demonstrated that inhibition of JAK2 activity by a tyrosine kinase (TK) blocker, AG-490, selectively blocked leukemic cell growth in vitro and in vivo by inducing programmed cell death. Several studies have also established inhibition of STAT3 phosphorylation by pharmacological JAK2 blocker, AG-490 which resulted in inhibition of the growth of tumor cells due to induction of apoptosis [46] . Furthermore, the use of monoclonal antibodies against IL-6 is a promising strategy to combat STAT3 signaling pathway. In particular, Sant7, a potent IL-6 antagonist, has been tested in the human multiple myeloma cell line, U266, and was shown to block IL-6 receptor signaling by inhibiting STAT3 activation, thereby inducing apoptosis [47] .
In the present review, we discuss firstly the possible role of STAT3 signaling cascade in the initiation/development of several cancers and also analyze the role of various STAT3-regulated genes in cancer progression, inflammation, survival, invasion, metastasis, and angiogenesis. Also, we have critically analyzed the role of few important synthetic and natural blockers of STAT3 activation that have exhibited significant anticancer effects in tumor cell lines, preclinical models and clinical samples in the last few years.
STAT3 activation by diverse agents
The STAT signaling pathway was originally discovered in the context of normal cytokine signaling. STAT3 activation by phosphorylation is a highly regulated and transient process. More than 40 different polypeptide ligands cause STAT phosphorylation. STAT3 is activated in response to many cytokines such as IL-6 [48] , leukemia inhibitory factor (LIF) [49] , cardiotrophin-1 [50] , ciliary neurotrophic factor (CNTF) [51] , IL-5 [52] , IL-9 [53] , IL-10 [54] , IL-11 [55] , IL-12 [56] , IL-21 [57] , IL-22 [58] , IL-27 [59] , IFN-γ [60] , TNF-α [61] , LIGHT, a member of the TNF superfamily [62] , monocyte chemotactic protein-1 (MCP-1) [63] , macrophage inflammatory protein-1α (MIP-1α) [64] , CCL-5/RANTES [64] , stem cell factor (SCF) [65] , oncostatin M (OSM) [66] ), growth factors (e.g., EGF [67] , TGFα [61] , PDGF [68] , IGF-1 [69] , G-CSF [70] , M-CSF [71] and GM-CSF [52] ) and oncogenic proteins through phosphorylation of tyrosine 705. In addition, numerous carcinogens (e.g. nicotine in cigarette smoke [34] , diesel exhaust particles [72] , hepatitis C virus core protein [73] , lipopolysaccharide (LPS) [74] ), environmental stress (e.g., ultraviolet light [75] , osmotic shock [76] , heat shock [77] and oxidative stress [78] ) and other factors such as EBV oncoprotein LMP1 [79] , HIV-1 Nef protein [80] , leptin [81] , Ca 2 + /calmodulin-dependent protein kinase IIγ (CaMKIIγ) [82] , bile acids and low pH [83] , black soy peptides [84] , diazoxide [85] , isoliquiritigenin [86] , and olanzapine [87] have been identified to activate STAT3 (Fig. 1) . The growth factor receptors that are known to cause the activation of STAT3 include epidermal growth factor receptors (EGFRs), fibroblast growth factor receptors (FGFRs), insulin-like growth factor receptors (IGFRs), hepatocyte growth factor receptors (HGFRs), platelet-derived growth factor receptors (PDGFRs), and vascular endothelial growth factor receptors (VEGFRs) [88] . The binding of growth factors to the corresponding receptor leads to specific phosphorylation of receptor tyrosine residues to create docking sites for the recruitment of latent cytoplasmic STAT3 through its SH-2 domain. The binding of STAT3 at receptor phosphotyrosine sites leads to the phosphorylation of tyrosine 705 in the C-terminal domain of STAT3, and this phosphorylation activates STAT3 [89] . Other classes of non-receptor protein tyrosine kinases have also been reported to stimulate STAT3 activation. Src family of kinases (SFKs) that include Src, Lck, Hck, Lyn, Fyn, and Fgr can either activate STAT3 directly or may function downstream of the activation of RTKs or GPCRs [90, 91] . Receptors lacking intrinsic tyrosine-kinase activity recruit receptor-associated tyrosine kinases, such as JAK and Src upon ligand engagement, leading to STAT3 phosphorylation via the tyrosine phosphorylation cascade. In transformed cells, STAT3 can also be directly activated by constitutively active non-receptor tyrosine kinases, such as Src [92] . Tyr705 phosphorylation converts STAT3 from an inactive form to an active form, which undergoes dimerization via the interaction between the phospho-Tyr705 within one monomer and the SH2 domain within the other.
STAT3-mediated signaling is typically transmitted through the formation of Tyr705 phosphorylated canonical STAT3 homodimers. But in immune cells, the complex cytokine signaling required for generating a robust and specialized immune response is mediated through the use of limited number of STAT molecules, which involves the heterodimerization of STAT proteins [93] . STAT heterodimers has also been shown to be important in GM-and M-CSF signaling. While M-CSF was known to activate both STAT3 and STAT5, STAT5 homodimers as well as STAT3:STAT5 heterodimers could be formed upon M-CSF stimulation, but only STAT3:STAT5 heterodimers could bind to particular consensus sequences [94] . The IL-6 superfamily of cytokines also utilizes STAT heterodimerization, in response to IL-6, STAT3 can utilize STAT1:STAT3 heterodimers, especially in late phase of signaling cascade [95] . IL-27, which uses the IL-6 receptor subunit gp130 to induce STAT1 and STAT3 activation cascade, was also shown to form STAT1:STAT3 heterodimers, although the molecular consequences of that heterodimer are still not clear [96] .
These homo-or hetero STAT3 dimers then dissociate from the receptor and translocate to the cell nucleus. Importin α5/NPI-1 mediates the nuclear transport of STAT3 [97] and has a STAT3-binding domain in C terminus. In the nucleus, STAT3 dimer binds to DNA, in particular, four loops per monomer contact the sugar-phosphate backbones of both DNA strands and recognize bases in the major groove where they bind to specific DNA response elements such as the IFN-stimulated response element (ISRE) present in the promoter regions of responsive target genes that are involved in cell proliferation, differentiation, and apoptosis to regulate their transcription. The STAT dimers recognize an 8-to 10-base pair inverted repeat DNA element with a consensus sequence of 5-TT(N)AA-3 [20] .
Phosphorylation of a single serine (Ser727) in the C-terminal transactivation domain of STAT3 by numerous serine kinases including mTOR [98] , protein kinase C delta (PKC) [99] , CDK5 [100] , and PKC-ε [101] allows for the maximal activation of transcription of responsive genes [102] . The transcriptional activation by STAT3 proteins requires the recruitment of co-activators such as CBP (CREB-binding Protein)/p300, APE1/Ref-1 [103] , and NCOA/Src1a [104] . During cytokine-mediated STAT3 activation, besides phosphorylation on tyrosine and serine sites within the carboxyl-terminal region, STAT3 is also acetylated on a single lysine residue 685 by histone acetyltransferase p300 [105] , which was found to be critical for the formation of stable dimers.
In addition, latent or non-phosphorylated STAT dimers have been observed and appear to play a vital role in various aspects of cell signaling. Unlike other STATs, STAT3 can enter the nucleus independent of its phosphorylation, while activated STATs shuttle more rapidly than non-activated ones [20] . The high-resolution structures of DNA-bound STATs 1 [106] and 3 [93] indicate that the mutual binding of two STAT monomers is possible without SH2-phosphotyrosine interactions. Importantly, these latent STAT dimers have been shown to have distinct transcriptional targets than their phosphorylated counterparts [107] . These homodimeric interactions require the N-terminal domain, and are independent of the phosphotyrosyl-SH2 interactions that occur at the C terminus of the protein [93] .
In normal cells, STAT3 activation is strictly controlled to prevent unscheduled gene regulation. Under physiological conditions, both the amplitude and duration of receptor-induced STAT3 activation is a tightly controlled transient process, peak STAT3 phosphorylation occurs within 15-60 min of exposure to cytokine, and even in the presence of continuous cytokine, STAT3 activation decreases over several hours [20] . The process is tightly controlled by several negative protein modulators, including the family of suppressor of cytokine signaling proteins (SOCS) 1-7 and CIS, the protein inhibitors of activated STATs (PIAS), several protein tyrosine phosphatases (PTPs), including SHP-2, PTP1B, PTPεC, TC45, SHP-1 and the ubiquitination-dependent proteosomal degradation systems [108] . Apart from the transcriptional promotion of target genes, STAT3 also plays a role in transcriptional suppression. Co-operation between STAT3 and c-Jun results in downregulation of Fas/CD95 transcription as well as Fas surface expression, which may be mediated by PI3K-AKT signaling [109] .
Role of STAT3 in tumorigenesis
Among all STAT family members, STAT3 is most often correlated to tumorigenesis, and is considered as an oncogene [110] as it is the point of convergence of many signaling pathways triggered by cytokines, growth factors and oncogenes. Accumulating evidence strongly implicates the critical role of aberrant STAT3 activation in malignant transformation and tumorigenesis. Among the earliest clues that STATs contribute to oncogenesis were the findings that STAT3 is constitutively activated in Src-transformed cell lines and that interrupting STAT3 signaling blocks the transformation of mouse fibroblasts by the Src oncoprotein [111] . The first direct links between STATs and human cancer came from the findings that constitutive STAT3 activity is required for the growth of head and neck cancer [112] and of acute myelocytic leukemia and chronic myelocytic leukemia cells [113] .
In contrast to the transient nature of STAT3 activation in normal cells, persistent activation of STAT3 has been reported in a variety of human tumor cell lines and primary human tumors, including leukemias, lymphomas [114] , multiple myeloma [115] , glioma [116] , melanoma [117] , head and neck [112] , breast [118] , ovarian [119] , endometrial [120] , cervical [120] , colon [121] , pancreatic [122] , lung [123] , brain [124] , renal [125] , and prostate [126] cancers. This increased level of phosphorylated STAT3 is not due to mutations in STAT3 but arises from oversupply of growth factors, such as TGFα or (IL6-family) cytokines within the tumor microenvironment that activate STAT3 in a paracrine manner. The activation of oncogenes, inactivation of tumor-suppressor genes, chromosomal rearrangement/amplification, deregulation of multiple potential upstream inputs such as elevated EGFR expression levels, EGFR mutations that result in constitutive RTK activation, overexpression of Src or other SFKs, mutations that hyperactivate JAKs [89] and other genetic events in neoplastic cells directly trigger STAT3 activation or the release of inflammatory mediators as part of an autocrine pathway [127] . Hyper-activation of STAT3 can also result from impairment mutations in any of the negative regulatory proteins, which limit the extent of STAT3 activation in normal cells [128] . For example, epigenetic silencing of SOCS3 by hypermethylation in CpG islands of the functional SOCS-3 promoter in human lung cancers [129] as well as mutations in STAT3-inactivating receptor protein tyrosine phosphatase delta in glioblastoma and other human cancers [130] leads to STAT3-mediated cell proliferation and survival.
Forced expression of a constitutively active form of STAT3 in mouse epidermis was found to shorten latency and enhance the number of malignant skin lesions progressing rapidly to squamous-cell carcinoma, induced by two-stage carcinogenesis [131] . Transfection of a dominantnegative form of STAT3 led to production of soluble factors that induce apoptosis and cell cycle arrest in the murine melanoma model [132] . A growth promoting role for STAT3 in the mouse model of anaplastic large cell lymphomas mediated by the oncogenic fusion protein, nucleophosmin-anaplastic lymphoma kinase (NPM-ALK), was demonstrated in both in vitro and in vivo models. Even though NPM-ALKdependent tumor could develop in the absence of STAT3, STAT3 is required for the growth and survival of NPM-ALK lymphoma T cells in vitro and in vivo. Ablation of STAT3 in mice bearing xenografted NPM-ALK-dependent T-cell lymphomas significantly impaired tumor growth in vivo [133] , suggesting that tumor cells formed in the presence of STAT3 become STAT3 addicted. Moreover the growth of murine B16 melanoma cells that harbored activated STAT3 could be suppressed efficiently in mice by introduction of a functionally deficient STAT3 variant [134] . Constitutive activation of STAT3 is involved in many cellular processes including proliferation, survival, inflammation, invasion, metastasis and angiogenesis, all of which favor tumor initiation and progression ( Fig. 2) and have been discussed below in detail.
Proliferation
STAT proteins have been shown to play important roles in cell proliferation induced by cytokines. The first evidence towards the role of STAT3 in survival was that STAT3 activation is essential for gp130-induced proliferation of the IL-3-dependent pro-B hematopoietic cell line, BAF/B03 cells [135] . In breast carcinoma cells, autocrinemediated STAT3 activation was found to correlate with cell proliferation [136] . Activated STAT3 promotes proliferation primarily by stimulating transcription of key cancer genes linked with proliferation of tumor cells, such as cyclin D1, cyclin B and cdc2, which are involved in the regulation of cell cycle [127] . The active form of STAT3 was found to promote the G 1 /S phase transition of the cell cycle through the expression of cyclin D1, which can associate with cdk4 or cdk6 and control progression from G 1 to S phase in gastric [137] and colorectal [138] cancer cells. STAT3 was found to be phosphorylated in 19% of bladder cancer tissues as well as several bladder cancer cell lines. Targeting the STAT3 signaling pathway in bladder cancer cells using an adenovirus-mediated dominant-negative STAT3 prohibited cell growth and induction of apoptosis in bladder cancer cell lines through downregulation of cell cycle-regulating gene cyclin D1 [139] . In human head and neck squamous cell carcinoma, constitutive activation of STAT3 was found to play a causative role in over-expression of cyclin D1, and in clinical studies, STAT3 activation level provided a novel prognostic factor [140] . Cucurbitacin I-mediated inhibition of STAT3-induced cell-cycle arrest at the G 2 /M transition in cell lines derived from laryngeal squamous cell carcinoma and glioblastoma was associated with the downregulation of cyclin B1 and cdc2 [138] . Constitutively phosphorylated STAT3 has been found to induce over-expression of target genes such as cdc2, cyclin B1, m-ras, and E2F-1 in colon and breast carcinomas. E2F-1 is a transcription factor that activates the synthesis of mRNAs encoding proteins needed during the cell cycle. The products of some E2F-1-regulated genes, such as cyclin D1 and cyclin E, cdc2 and cyclin B1 contribute to the G 1 /S and G 2 /M transitions and inhibit apoptosis [141] . STAT3 plays a key role in the G 1 to S phase cell-cycle transition induced by the cytokine receptor subunit gp130 through the upregulation of cyclins D2, D3 and A, and cdc25A, and the concomitant downregulation of p21 and p27. The membrane-proximal region of gp130, consisting of 133 amino acid residues, contains Tyr767, which is required for the activation of STAT3. The repression of p21 is controlled by several signaling molecules whose expressions are regulated by STAT3. For example, stimulation by gp130 scarcely induced p21 expression in BAF-B03 (G133-bcl2 cells) consistent with the fact that gp130 induces growth. However, the truncated gp130 containing only the membrane-proximal 68 amino acid residues (G68-bcl2) could induce p21 mRNA. The same was true for the cells expressing gp130 mutated at Tyr767 or expressing dominant-negative STAT3s. These observations indicate that the region of gp130 consisting of the membrane-proximal 68 amino acid residues can induce p21 expression, and that suppression of STAT3 activity leads to gp130-induced gene expression of p21 through the membrane-proximal region [142] .
In normal tissues, cell proliferation is controlled by irreversible entry into post-mitotic, differentiated states. Emergent tumor cells must escape this terminal differentiation, which in part is regulated by c-Myc [143] . The gp130-mediated STAT3 signaling has been shown to up-regulate the expression of several growth-promoting genes, such as c-Myc, Pim-1 and Pim-2 [144] . STAT3-C (constitutively dimerized and active form of STAT3) transformed cells were found to have 3-to 5-fold elevated levels of cyclin D1 mRNA and c-myc mRNA when compared to untransformed cells [110] . Inhibition of STAT3 with the orally active JAK inhibitor, AZD1480, was found to decrease tumor growth in neuroblastoma and pediatric sarcomas through downregulation of cell cycle regulators, cyclin D1, cyclin D3 and cdc25A, anti-apoptotic genes Bcl-2 and survivin, the metastasis-related factor TIMP-1, and c-Myc. Knockdown of STAT3 expression by RNAi inhibited the growth of human ovarian cancer through downregulation of cyclin D1, c-Myc and Bcl-2 [145] .
Survival
STAT3 contributes to the tumorigenic process mainly by triggering pro-survival and pro-proliferative signaling into cells. Apoptosis is essential for the maintenance of normal physiological functions, as cell death occurs during natural elimination of aging cells and in immunoselection of T and B cells. One of the major characteristics of tumor cells is the ability to avoid programmed cell death. The Bcl-2 family of proteins has been identified as important regulators of apoptotic cell death in many cell types, and aberrant expression of Bcl-2 family members is frequently found in diverse malignancies. One of the first indications that STAT3 signaling contributes to malignancy by preventing apoptosis pathway came from studies in multiple myeloma cells showing that increased expression of Bcl-xL, a member of the anti-apoptotic Bcl-2-family, is dependent on constitutively activated STAT3 [111] . Several anti-apoptotic proteins, such as survivin and members of the Bcl family (Bcl-xL, Bcl-2 and Mcl-1), which are known to be crucial for tumor cell survival, are direct target genes of STAT3 and are down-regulated as a consequence of STAT3 inhibition [146] . STAT3 has also been found to be involved in colorectal cancer cell growth, survival, invasion, and migration through regulation of gene expression, such as Bcl-2, p21waf1/cip1, p27kip1, E-cadherin, VEGF, and MMPs [147] .
Multiple myeloma is a disease characterized by slow-growing plasma cells in which IL-6 is an important growth and survival factor. STAT3 is constitutively activated in bone marrow mononuclear cells from patients with myeloma, and in the IL-6-dependent human myeloma cell line, U266. Moreover, U266 cells are inherently resistant to Fas-mediated apoptosis and express high levels of the antiapoptotic protein, Bcl-xL. Blocking IL-6 receptor signaling from Janus kinases to the STAT3 protein inhibits Bcl-xL expression and induces apoptosis, demonstrating that STAT3 signaling is essential for the survival of myeloma tumor cells [113] . STAT3 activation is also involved in IL-6-dependent T-cell proliferation through prevention of apoptosis, independently of Bcl-2 [148] . In epithelial cells, STAT3 induces C-type lectin, RegIIIβ; that indirectly suppresses apoptosis, which is overexpressed in human colon cancer and inflammatory bowel disease [127] . Moreover, STAT3 was shown to repress transcription of murine p53 expression, thus impacting p53-mediated apoptosis and contributing to cell survival.
Mcl-1 is another anti-apoptotic gene of the Bcl-2 family that is a target of STAT3. Blocking STAT3 in human tumor cells has been shown to down-regulate Mcl-1 expression and induce tumor-cell apoptosis [111] . Survivin, a member of the small inhibitor of apoptosis (IAP) family, has a bi-functional role by counteracting apoptosis as well as by controlling mitogenic progression. Survivin is selectively expressed during G 2 /M transition, localizes to mitotic spindle microtubules, and is phosphorylated by physical association with cdc2 [138] . STAT3 was constitutively activated in various human gastric cancer cells and its inhibition by ectopic dominant-negative STAT3 or Janus kinase inhibitor was found to induce apoptosis. Furthermore, STAT3 inhibition markedly decreased survivin expression, while forced expression of survivin rescued human gastric adenocarcinoma AGS cells from apoptosis induced by STAT3 inhibition [137] .
The proliferative effect of STAT3 in tumor cells is mediated indirectly through the downregulation of pro-apoptotic factors such as Fas. The expression of dominant negative STAT3 or c-Jun in melanoma cells was found to increase Fas expression efficiently [149] . Decreased Fas expression during tumor progression often results in a loss of Fas-ligand-mediated apoptosis and enables the progression of cells through division. Activated STAT3 is also involved in the induction of the immediate early genes c-jun and c-fos and repression of the cell cycle inhibitor p21 [127] . A positive correlation has been observed between the expression of p-STAT3 and c-jun in hepatocellular carcinomas (HCC) and their surrounding liver tissues [150] . STAT3 was found to regulate the hepatocyte growth factor induced proliferation of human endothelial cells through activation of the c-fos promoter [151] . p21 is known to induce G 2 /M phase arrest by inhibiting cyclin-B/cdc2. siRNA-mediated inhibition of STAT3 in human colorectal cancer cell lines induced p16-, p21-and p27-mediated cell cycle arrest and apoptosis. STAT3 inhibition in gastric cancer cells down-regulated the expression of S-phase kinase-associated protein-2 (Skp2), which catalyzes the ubiquitination of p21, thereby reducing the ability of cells to migrate and invade, by inhibiting the activity of RhoA, downregulation of pFAK (phosphorylated focal adhesion kinase) expression, upregulation of E-cadherin, and reducing the activities of matrix metalloproteinase-2 (MMP-2) and MMP-9 [152] .
Heat shock protein 70 (Hsp70) can protect cells from apoptosis by binding and modulating the activity of various pro-and antiapoptotic proteins at transcriptional and post-translational level. Hsp70 prevents JNK-induced phosphorylation and inhibition of Bcl-2 and Bcl-xL anti-apoptotic proteins and promotes cell survival through the maintenance of mitochondria stability. STAT3 can bind to specific sequences at the Hsp70 promoter (5′-CTGGRA-3′) and is responsible for Hsp70 synthesis in cancer cells, mediating the expression of antiapoptotic proteins [153] .
Inflammation
STAT3 signaling is a major intrinsic pathway for cancer inflammation because it is often activated in tumor-associated immune and inflammatory cells as well as malignant cells and is capable of inducing a large number of genes that are crucial for inflammation including IL-6, 10, 11, 17, 23, CXCL12, and COX-2 [127] . STAT3 was initially discovered as an acute-phase response protein that selectively binds to the IL-6-responsive element within the acute-phase gene promoter, thus suggesting its link to inflammation [88] . Cytokines, chemokines and other mediators, such as IL-6, IL-1β, macrophage colony-stimulating factor, prostaglandins and cyclooxygenase-2 (COX-2) are crucial for inducing and maintaining a cancer-promoting inflammatory environment, and STAT3 is crucial for regulating their expression [13] . Within the tumor microenvironment, the persistent activation of STAT3 in tumor cells leads to the production of cytokines, chemokines and growth factors which are released from them and the associated receptors which in turn activate STAT3 in stromal inflammatory cells and release inflammatory mediators to the microenvironment, thereby creating a loop.
Most of the pro-inflammatory agents have been shown to activate STAT3. IL-6 is a major mediator of inflammation, and its unchecked production leading to subsequent chronic inflammation exhibits a strong association with many types of cancer. IL-6 mediates its effects through the activation of the gp130/JAK/STAT3 pathway [48] . STAT3 induces the upregulation of sphingosine-1-phosphate receptor-1 (S1PR1), which reciprocally activates STAT3, resulting in persistent IL-6 formation to drive tumor growth and metastasis in B16 melanoma and MB49 bladder cancer models [154] . IL-11 promotes chronic gastric inflammation and associated tumorigenesis in gastric epithelial cells mediated by and dependent on increased activation of STAT3 [55] . In non-small cell lung cancer, IL-6-induced STAT3 activation has been shown to be dependent on COX-2, a pro-inflammatory enzyme [155] . STAT3 can directly interact with nuclear factor, NF-κB family member RelA, through acetyltransferase p300-mediated acetylation, trapping it in the nucleus and thereby contributing to constitutive NF-κB activation in tumor-associated hematopoietic cells and various malignancies [156] . LPS-mediated IL-1β and IL-6 production in murine macrophage cell lines and primary macrophages is dependent on STAT3 phosphorylation [157] . Overexpression of mutant STAT3C in alveolar type II epithelial cells of transgenic mice leads to severe pulmonary inflammation, including immune cell infiltration and upregulation of pro-inflammatory cytokines and chemokines in the lung, leading to spontaneous lung bronchoalveolar adenocarcinoma [158] .
Invasion
STAT3 is involved in regulating cell movement, mainly by cytoskeleton reorganization and controlling cell adhesion properties. The first evidence for the role of STAT3 in cell migration was the observation that conditional disruption of STAT3 in keratinocytes resulted in impaired wound healing due to compromised migration in response to cytokines and growth factors, such as EGF, TGFα, HGF and IL-6, both in vivo and in vitro [159] . Recent studies demonstrate enhanced STAT3 activation with increased cell-cell contact or increased confluence, indicating that STAT3 may serve as a sensor of tumor cell contact and up-regulate genes necessary for cell invasion and migration [160, 161] . In lung epithelial cells, STAT3 regulates a common set of genes such as fibrinogen, lipopolysaccharidebinding protein (LBP), SOCS3, c/EBP, BCL6, JunB, Myc, CCL2, CXCL2, PAI-1, proteases in the cathepsin and SERPIN families such as uPA and its receptor uPAR, which are involved in wound healing and cancer cell invasion, migration and angiogenesis [162] .
There was a negative correlation between the expression intensity of phosphorylated STAT3 and that of tumor suppressor gene Ecadherin in human cutaneous squamous cell carcinoma (SCC). The activation of STAT3 was closely related to the invasive potential of SCC, whereas E-cadherin suppression contributed to the invasive and metastatic behavior of malignant tumor cells [163] . Mucin-like glycoprotein episialin (MUC1) plays an important role in tumor invasion and metastasis by diminishing cellular adhesion and is highly over-produced by a number of human carcinomas. STAT3 controls the expression of the MUC1 gene, which can mediate tumor invasion [164] . Integrins are essential mediators of tumorigenesis, adhesion, and migration. STAT3 contributes to disruption of epithelial adhesion and polarity downstream of ErbB2-Integrin β4 signaling, leading to promotion of mammary tumorigenesis [165] . The introduction of constitutively-activated mutated STAT3-C in prostate epithelial cells decreased E-cadherin levels, increased numbers of lamellipodia and stress fibers, and enhanced migratory capacity and tumor formation by inducing the expression of integrin β6 and its ligand, fibronectin [166] . STAT3-mediated regulation of cell motility is not just through its canonical transcriptional activity but also through non-nuclear functions. For example, activated STAT3 in ovarian cancer cells is localized to focal adhesions where it directly interacts with active focal adhesion kinase and paxillin and functions in cancer cell motility. Furthermore, depletion of STAT3 by siRNA transfection reduced the motility of ovarian cancer cells in vitro [167] . Non-phosphorylated STAT3 present in the cytoplasm interacts with the microtubuledestabilizing protein, stathmin, by binding to the COOH-terminal tubulin-interacting domain, inhibiting its microtubule destabilization activity resulting in enhanced microtubules polymerization and cell migration [168] . Intercellular adhesion molecule-1 (ICAM-1/CD54) is an inducible cell-surface glycoprotein that mediates adhesion-dependent cellular interactions, and its high expression correlates with increased tumor malignancy and invasiveness. It was observed that irradiation significantly elevated nuclear phospho-p65/phospho-STAT3 interaction in correlation with increased intercellular adhesion molecule-1 (ICAM-1) and soluble-ICAM-1 levels, migration and invasion in human glioma cell lines [169] .
Metastasis
Degradation and remodeling of the extracellular matrix (ECM) and basement membranes by proteolytic enzymes such as MMPs secreted by tumor cells play a major role in tumor invasion and metastasis. The STAT3 target genes include several members of the MMP family, which are known to contribute to tumor invasion, angiogenesis and metastasis. Excessive activation of STAT3 correlates with tumor invasion and metastasis in a variety of cancers and high level of phosphorylated STAT3 is a prominent feature in colon and gastric cancers associated with adverse outcomes [127] . The constitutively active mutated STAT3-C-mediated transformation of immortalized human mammary epithelial cells requires the activity of MMP-9 and there is a positive correlation between activated STAT3 and enhanced MMP-9 expression in primary breast cancer specimens [170] . STAT3 interacts with Fra-1/c-Jun and binds to the specific promoter region of MMP-9 gene, leading to transcriptional activation of MMP-9 in breast cancer cell lines [171] . In highly metastatic melanoma cells, STAT3 signaling pathway directly contributes to the over-expression of another MMP family member, MMP-2. STAT3 can directly bind to the promoter of MMP-2 gene and upregulate its expression. Blockade of activated STAT3 by dominantnegative STAT3 significantly suppressed MMP-2 expression and the invasiveness of tumor cells, inhibited tumor growth, and prevented metastasis in nude mice [172] . In response to EGF stimulation, activated STAT3 interacts with c-Jun and binds to the promoter region of MMP-1 to induce its transcription in bladder cancer cells. Expression of the dominant-negative STAT3 is sufficient to inhibit the constitutive and EGF-induced migration, invasion and tumor formation in human bladder carcinoma xenograft model [173] . STAT3 is aberrantly activated in colorectal carcinomas and immunohistological examination of tumor specimens showed a clear co-localization of MMP-1 and activated STAT3. Experimentally induced STAT3 activity enhanced both the level of MMP-1 mRNA and secreted MMP-1 enzymatic activity, linking STAT3 to malignant tumor progression in colorectal carcinomas [174] .
Inhibition of STAT3 by specific anti-sense oligonucleotide reduced proliferation, induced apoptosis, decreased mobility, and impaired tumor angiogenesis of HCC cells in orthotopic models in athymic mice. The expression of STAT3 target genes, VEGF and MMP-2, was also reduced following STAT3 suppression and there was inhibition of tumor growth, local transmission, and lung metastasis, resulting in significantly prolonged survival of tumor-bearing mice [175] . Suppression of STAT3 activation by transfection with a dominantnegative STAT3 decreased brain metastasis of human melanoma cells in animal models and melanoma cell invasion in vitro and significantly affected the expression of bFGF, VEGF and MMP-2 in vivo and in vitro by transcriptionally regulating the promoter activity in human melanoma cells [176] . Activation of STAT3 by IL-6 was also found to induce Twist expression in human breast cancer cells by binding to the second proximal STAT3-binding site on the human Twist promoter and activating its transcription. Inhibition of STAT3 by STAT3 small hairpin RNAs reduced migration and invasion of human breast cancer cells [177] . Twist is involved in tumor metastasis through the upregulation of MMP-2 and -9 [178] and inhibition of TIMP-1 [179] . Moreover, STAT3-deficient keratinocytes demonstrated increased cell adhesiveness and compromised growth factor-inducible cell migration, accompanied with an increased number of tyrosyl-hyperphosphorylated focal adhesion and tyrosine phosphorylation of p130cas, suggesting that STAT3 in keratinocytes plays a critical role in modulating cell adhesiveness to the substratum leading to growth factor-dependent cell migration [180] .
Angiogenesis
The intrinsic ability of a cancer cell to proliferate uncontrollably and resist apoptosis is not sufficient for tumor development. Tumors cannot sustain their growth unless they are supplied with oxygen and nutrients from newly formed blood vessels. Activated oncogene products play a crucial role in stimulating angiogenesis. One of the most potent angiogenesis-inducing signals is VEGF. STAT3 is constitutively activated in glioma and medulloblastoma tumors and is considered to play a central role in autocrine activation of VEGF [124] . One of the earliest evidence to suggest that STAT3 is linked to angiogenesis was from granulocyte-macrophage colonystimulating factor-induced angiogenic activity in chick chorioallantoic membrane and GM-CSF induced vessel sprouting from chicken aorta rings [181] . Transfection of cells with the constitutively activated STAT3-C mutant was found to be sufficient to increase VEGF expression and induce angiogenesis in vivo [182] . Among the various pro-angiogenic factors, VEGF and hypoxia-inducible factor-1α (HIF-1α) stand out as prominent transcriptional targets for STAT3, and a requirement for STAT3 has been proposed for functionality of HIF-1α [127] . It was shown that human breast cancer, head and neck carcinoma, melanoma [182] , pancreatic cancer [122] and cervical cancer cell lines [183] that display constitutively active STAT3 also express VEGF and that STAT3 activity up-regulates VEGF expression and tumor angiogenesis, suggesting that downmodulation of STAT3 activation can suppress the expression of VEGF and inhibit angiogenesis. Blocking STAT3 signaling has been shown to inhibit Src-mediated VEGF upregulation and a complete inhibition of VEGF-dependent vascular permeability of human tumor cells in vivo [184] .
STAT3 activity in tumor-derived myeloid cells can up-regulate the expression of a number of known STAT3 target genes, including VEGF, bFGF, and MMP-9. VEGF and bFGF contribute to myeloid cell-mediated and STAT3-dependent angiogenesis. In addition, CCL2, CXCL2, and IL-1β, which can contribute to myeloid cell-mediated angiogenesis, required STAT3 for their elevated expression in tumor-derived myeloid cells, suggesting that STAT3 activity in immune cells can contribute to tumor angiogenesis at multiple levels [185] . Expression of phospho-STAT3 had a positive correlation with the VEGF and Bcl-2 in gastric cancer specimens, suggesting that phospho-STAT3 expression might be associated with angiogenesis, anti-apoptosis, and tumor progression in this particular cancer [186] . STAT3 signaling pathway activation was found to mediate tumor angiogenesis in non-small cell lung cancer by the upregulation of VEGF and bFGF. The expression of p-STAT3 in human samples correlated with VEGF and bFGF while knocking down STAT3 reduced the expression of VEGF and bFGF in human lung cancer cells [187] .
Hypoxia-inducible factor 1α (HIF-1α) is a transcription factor that controls oxygen homeostasis and is the final switch for VEGF upregulation in cancer [188] . STAT3 can indirectly regulate VEGF by inducing the expression of HIF-1α, which drives VEGF transcription upon hypoxic stimulation. STAT3 is required for both basal and growth signal-induced expression of HIF-1α and targeting STAT3 with small-molecule inhibitor blocks HIF-1α and VEGF expression in vitro and inhibits tumor growth and angiogenesis in vivo [189] . Activated STAT3 in ischemic rat kidney and in hypoxic renal carcinoma cells increased the cellular levels of HIF-1α either by blocking protein degradation or by enhancing HIF-1α synthesis under hypoxic conditions. STAT3 also interacts directly with HIF-1α and is recruited to the human VEGF promoter in response to hypoxia, suggesting that STAT3 is a target for hypoxia-induced angiogenesis in human renal carcinoma [190] . As constitutively active STAT3 can inhibit p53 expression by binding to the p53 promoter [191] , interruption of STAT3 signaling may lower HIF-1α activity by promoting its degradation through p53-dependent mechanisms. Thus, STAT3 inhibitors can block VEGF expression at several levels, generating a potent anti-angiogenic effect.
Selected natural inhibitors of the STAT3 signaling pathway
The main goal of using a target-specific drug is to inhibit a molecular target central to a disease mechanism of interest. The first step toward this goal is to identify individual molecular targets and validate their relevance to the human disease. This is followed in turn by identification of specific chemical-or antibody based small molecule modulators or inhibitors of the target [192] . In theory, targeting a single molecular mechanism should be sufficient to achieve a significant therapeutic effect; in reality, however, single-target drugs have had very little therapeutic impact. In fact, they have generally been highly ineffective in treating complex diseases (e.g., cancer) [193] or diseases affecting multiple tissues or cell types (e.g., diabetes and immunoinflammatory disorders). Drugs aimed at multiple targets can be more efficacious and less vulnerable to acquired resistance because the disease system is less able to compensate for the action of two or more drugs simultaneously. This multi-target approach can be particularly beneficial in cancers because oncogenesis is known to be a multigenic process [194] . For example, the ErbB2 (HER-2/neu) inhibitor trastuzumab (Herceptin) is now being combined with the anti-VEGF inhibitor bevacizumab (Avastin) to treat breast cancer.
As discussed above, aberrant activation of STAT3 plays a pivotal role in the initiation, progression and metastasis of different cancers and thereby the abrogation of STAT3 activation using pharmacological inhibitors can form the basis of future cancer therapy. However, interestingly, a number of strategies, including the use of anti-sense oligonucleotide targeting STAT3, synthetic drugs, small molecules derived from natural sources, and gene therapy techniques have been employed over the last decade to suppress deregulated STAT3 signaling cascade in cancer. In the following sections, we will discuss about selected natural and synthetic agents that have shown significant efficacy in blocking STAT3 activation and thereby inhibiting tumor growth and metastasis.
Betulinic acid
Betulinic acid (Fig. 3) is a pentacyclic triterpene, discovered in 1995 from the stem bark of the plant Zizyphus mauritiana and was initially reported to be a melanoma-specific cytotoxic agent [8] . In addition, numerous studies over the past decade showed that betulinic acid could induce apoptosis in thyroid, breast, lung and colon carcinomas, leukemias as well as multiple myeloma [8] . Pandey et al. [195] found that betulinic acid inhibited constitutive activation of STAT3, Src kinase, JAK1, and JAK2. Furthermore, betulinic acid induced the expression of the PTP SHP-1; silencing of the SHP-1 gene abolished the ability of betulinic acid to inhibit STAT3 activation. Betulinic acid also downregulated the expression of STAT3-regulated gene products, such as Bcl-xL, Bcl-2, cyclin D1, and survivin. It also induced apoptosis by an increase in the sub-G1 cell population and an increase in caspase-3-induced PARP cleavage. Moreover, betulinic acid enhanced apoptosis in myeloma cells induced by thalidomide (from 10% to 55%) and bortezomib (from 5% to 70%). Overall, the results suggest that betulinic acid down-regulates STAT3 activation through upregulation of SHP-1, suggesting the potential role of betulinic acid as a chemopreventive agent.
Butein
Butein (3,4,2,4-tetrahydroxychalcone) is derived from numerous plants including stem bark of Semecarpus anacardium, Rhus verniciflua Stokes, and the heartwood of Dalbergia odorifera [196] . Butein has been traditionally used for the treatment of pain, thrombotic disease, gastritis, stomach cancer, and parasitic infections in Korea, Japan, and China and so far no reports have suggested the toxicity of this polyphenol [3] . In Korea, butein is used as a food additive, thereby indicating that it is safe to be consumed by humans [197] . Reports have indicated that butein can suppress the proliferation of breast carcinoma, colon carcinoma, osteosarcoma, lymphoma, acute myelogenous leukemia, chronic myeloid leukemia, multiple myeloma, melanoma, and hepatic stellate cells [198] [199] [200] . Moreover, it was found to suppress phorbol ester-induced skin tumor formation [201, 202] , reduce antibodyassociated glomerulonephritis [203] , and suppress liver fibrosis induced by carbon tetrachloride [204] . Furthermore, butein was also found to induce G 2 /M phase arrest and apoptosis in hepatocellular carcinoma (HCC) cells through reactive oxygen species (ROS) generation [205] , suggesting that butein may have a great potential for HCC treatment. Additionally, its effects on HCC cell lines were investigated [206] . HCC cell lines HepG2 were incubated with different concentrations of butein for 6 h, and the phosphorylation of STAT3 was examined by Western blot. It was observed that butein inhibited the constitutive activation of STAT3 in a dose-dependent manner, with maximum inhibition occurring at 50 μM. The inhibition of STAT3 was also timedependent, with maximum inhibition occurring at around 6 to 8 h. Since butein induces the generation of ROS that blocks STAT3 signaling [205, 207] , it was next determined whether NAC, a ROS scavenger, could counteract the inhibitory effect of butein on STAT3 activation. HCC (HepG2) cells were pre-treated with NAC for 1 h before treatment with butein and it was observed that decrease in phosphorylated STAT3 was ROS-dependent, as levels reverted to control levels in the presence of NAC. Also, the phosphorylation of JAK2, which is constitutively active in HepG2 cells, was found to be suppressed in a timedependent manner upon butein treatment [206] . The expression of Bcl-2, a marker of cell survival was down-regulated and that of caspase-3, which is the marker of apoptosis was increased in the butein-treated cells compared with the control group. Overall, the results suggested that butein suppresses HCC growth through modulation of the STAT3 activation pathway. Further studies are required before its clinical potential is fully realized in HCC treatment.
Caffeic acid
Caffeic acid (CA) is a phenolic compound largely found in food plants [208] . CA has been extensively studied for its potent antioxidant [209, 210] as well as anti-inflammatory properties [211] . Moreover, some caffeic acid derivatives, such as caffeic acid phenetyl ester (CAPE) have anti-oxidant properties that are similar to those of CA [212] . In addition, CA and CAPE were reported to inhibit NF-κB activation and iNOS expression [213] as well as inhibit angiogenesis, tumor invasion, and metastasis [214] . VEGF is known to play a crucial role in angiogenesis and tumor progression [215] , and the inhibition of VEGF produced promising results as a tumor antiangiogenesis strategy in both animal models and cancer patients [216] . Hypoxia develops within solid tumors due to a mismatch between tumor cell proliferation, which is faster than the rate of blood vessel formation, thereby leading to a compromised tumor blood supply [217] . Moreover, hypoxia stimulates VEGF expression in tumors in order to promote angiogenesis to meet the metabolic requirement for growth. Recently, STAT3 was found to be a direct transcriptional activator of the VEGF gene, and demonstrated to up-regulate VEGF expression in various human cancers [218] , suggesting that STAT3 activity may contribute significantly to overproduction of VEGF in tumors. Thus, it was considered that inhibiting STAT3 phosphorylation at Tyr705 might reduce VEGF expression in tumor cells. CA and its synthetic derivative, CADPE [3-(3,4-Dihydroxyphenyl)-acrylic acid 2-(3,4-dihydroxy-phenyl)-ethyl ester] were found to be actively involved in inhibiting STAT3 activity [219, 220] . Since STAT3 phosphorylation at Tyr705 is essential for its nuclear translocation as well as for binding to specific promoter sequences on its target genes, the activities of CA and CADPE were investigated against STAT3 phosphorylation in vitro, using renal carcinoma Caki cells. It was noted that the phosphorylation of STAT3 at Tyr 705 increased in response to hypoxia and was decreased by CA or CADPE in a dosedependent manner. To study the inhibitory effects of CA and CADPE on hypoxia-induced STAT3 translocalization, wild-type STAT3 was transfected into COS7 (STAT3-deficient cell lines), which were then fractioned into nuclear and cytosolic proteins. The Western blot results showed that phosphorylated STAT3 was translocated from cytosol to the nucleus in response to hypoxia, but STAT3 remained in the cytoplasm of cells pre-treated with 100 μM CA or 30 μM CADPE. These results thus suggested that CA or CADPE inhibited STAT3 phosphorylation that was required for nuclear translocation of STAT3, and also inhibited the hypoxia-induced nuclear translocation of STAT3. The effects of CA or CADPE on suppression of VEGF expression were also studied. Firstly, luciferase assays were carried out in Caki-I cells using a VEGF promoter reporter plasmid. It was observed that hypoxia increased the reporter activity in Caki-I cells but not in cells pretreated with 100 μM CA or 30 μM CADPE. Subsequently, in cells transfected with STAT3-specific siRNA, the hypoxia-induced reporter activity of VEGF promoter was found to be significantly reduced by the siRNA-mediated repression of STAT3. Furthermore, in Caki-I cells pre-treated with CA or CADPE and thereafter subjected to hypoxia, the hypoxia-induced mRNA expression of VEGF decreased in a dosedependent manner. Thus, it can be concluded that CA or CADPE reduced hypoxia-induced transcriptional activity of VEGF by inhibiting STAT3, blocking STAT3 recruitment, and blocking the formation of a transcriptional unit between STAT3, HIF-1α, and p300 on VEGF promoter [215] .
Capsaicin
Capsaicin (N-vanillyl-8-methyl-alpha-nonenamide) is a spicy component of hot pepper that induces certain cancer cells to undergo apoptosis. It has been reported to have a promising role in cancer chemoprevention [221] . Capsaicin has been reported to induce apoptosis in multiple myeloma cells through down-regulation of STAT3-regulated expression of Bcl-2, Bcl-xL, and survivin [222] . The effect of capsaicin on both constitutive and IL-6-induced STAT3 activation, STAT3-regulated gene products involved in proliferation, survival, and angiogenesis, was investigated in multiple myeloma cells. It was found that capsaicin inhibited constitutive activation of STAT3 in multiple myeloma cells in a dose-and time-dependent manner. Capsaicin also inhibited IL-6-induced STAT3 activation as well as the activation of JAK1 and c-Src. Moreover, pervanadate reversed the capsaicin-induced down-regulation of STAT3, suggesting the involvement of a protein tyrosine phosphatase. Capsaicin downregulated the expression of cyclin D1, Bcl-2, Bcl-xL, survivin, and VEGF. Moreover, capsaicin induced the accumulation of cells in G 1 phase, inhibited proliferation, and induced apoptosis. Capsaicin also significantly potentiated the apoptotic effects of bortezomib and thalidomide in multiple myeloma cells. Upon administration of capsaicin, the growth of human multiple myeloma xenograft tumors in male athymic nu/nu mice was inhibited. These results collectively suggest that capsaicin is a novel blocker of the STAT3 activation pathway, with a potential role in the prevention and treatment of myeloma.
Celastrol
Celastrol derived from the Chinese medicinal plant Tripterygium wilfordii, has attracted great attention recently for its potent anticancer effects [223, 224] . Celastrol has been documented to inhibit proliferation, induce apoptosis, and suppress invasion/migration and angiogenesis in a wide variety of tumor models both in vitro and in vivo [225] . Thus, Lu et al. [226] investigated the effects of celastrol on STAT3 activation in HCC cells and in a xenograft mouse model. C3A cells, a subclone of the hepatoma-derived HepG2 cell line, were incubated with different concentrations of celastrol for 6 h and Western blot was used to examine the phosphorylation of STAT3. It was shown that celastrol inhibited the constitutive activation of STAT3 in C3A cells in a dose-dependent manner with maximum inhibition occurring at 5 μM. Moreover, the inhibition induced by celastrol was found to be time-dependent, with maximum inhibition occurring at 4 to 6 h. Because tyrosine phosphorylation causes the dimerization and nuclear translocation of STAT3 [227] , the authors also determined the ability of celastrol to modulate the DNA-binding activity of STAT3 which causes gene expression. Upon analyzing the nuclear extracts prepared from C3A cells, it was shown that celastrol inhibited STAT3 DNA-binding activities in a time-dependent manner therefore suggesting that celastrol abrogates the DNA-binding ability of STAT3. The effects of celastrol on suppressing nuclear translocation of STAT3 in C3A cells was also determined, [228] and it was concluded that celastrol could indeed inhibit the translocation of STAT3 to the nucleus, thereby inhibiting the function of transcription factors. Furthermore, as it is well-known that IL-6 induces STAT3 phosphorylation [229] therefore, the authors determined whether celastrol could inhibit IL-6-induced STAT3 phosphorylation. In HUH-7 human hepatocarcinoma cells, IL-6 was found to induce phosphorylation of STAT3 as early as 5 min, with maximum phosphorylation observed at 30 to 60 min. IL-6 also induced phosphorylation of STAT3 in a dose-dependent manner with initial activation observed at a dose of 5 ng/mL. In HUH-7 cells, IL-6-induced STAT3 and JAK2 phosphorylation were suppressed by celastrol in a time-dependent manner. STAT3 activation regulates the expression of various gene products involved in cell survival, proliferation, angiogenesis, and chemoresistance [230] . It was found that expression of cyclin D1, Bcl-2, Bcl-xL, survivin, Mcl-1, and VEGF decreased in a time-dependent manner upon treatment with celastrol, with maximum suppression observed at around 24 h. Celastrol has been well tolerated with no toxicity in pre-clinical studies using various inflammatory diseases and cancer models [231, 232] . However, celastrol has never been tested in humans before and hence its clinically relevant doses are not known yet. Thus, overall, the in vitro and in vivo experimental findings clearly indicate that the antiproliferative and pro-apoptotic effects of celastrol in HCC are due to the suppression of STAT3 activation and provide a platform to explore the potential of celastrol to overcome toxicity and enhance treatment efficacy for patients with HCC. Moreover, celastrol has been found to inhibit the proliferation and suppress the growth of prostate, gliomas and chronic myeloid leukemia xenografts in nude mice models [225, 233] . Also, the ability of celastrol to modulate the expression of pro-inflammatory cytokines, adhesion molecules, potassium channels, NF-κB, transforming growth factor-activated kinase 1 (TAK1), CXCR4, VEGFR, proteasome and heat shock response has been reported [224, 225, 234] . In another study by Kannaiyan et al. [224] , to investigate whether celastrol could suppress the proliferation and induce chemosensitization of multiple myeloma cells by interfering with STAT3 activation pathways, it was observed that celastrol inhibited the proliferation of multiple myeloma cell lines regardless of their sensitivity or resistance to bortezomib and other conventional chemotherapeutic drugs. Celastrol inhibited both the constitutive and IL-6-induced activation of STAT3, which induced apoptosis leading to an increase in the accumulation of cells in the sub-G1 phase, and activation of caspase-3. This result indicates that future studies in animal models to establish the anti-cancer effects of celastrol in vivo are warranted.
Cucurbitacins
Cucurbitacins are essential herbs used in a large number of traditional Chinese medicines [235, 236] and have been shown to possess anti-inflammatory, anti-microbial, and anti-cancer activities [237] . Chemically, cucurbitacins are highly diverse and can be divided into twelve categories, ranging from cucurbitacins A-T [236, 238] . Cucurbitacin B is found in many Cucurbitaceae species and is one of the most abundant forms of cucurbitacins [239] . It has significant anti-inflammatory activity and has been used to treat hepatitis [240] . Recently, it was reported that cucurbitacin B could inhibit the growth of numerous human cancer cell lines and tumor xenografts [241, 242] . The inhibitory effect of cucurbitacin B on STAT3 was examined in leukemia cells. K562 cells, an immortalized myelogenous leukemia line, were treated with cucurbitacin B at doses ranging from 1 μM to 50 μM, Western blot analysis showed that cucurbitacin B 50 μM for 4 h inhibited STAT3 activation [243] . Furthermore, treatment with curcubitacin B reduced the level of phosphorylated STAT3 and its downstream targets, such as cyclin B1 and Bcl-2, in human HCC cell lines [244] .
Curcumin
Curcumin (diferuloylmethane) is a dietary spice and is the active compound of turmeric (Curcuma longa) [245] . This compound has been shown to modify the expression of inflammatory cytokines and enzymes, transcription factors, and gene products linked to cell survival, proliferation, invasion, and angiogenesis. Curcumin has been found to possess anti-proliferative and pro-apoptotic effects in a number of tumor cell lines in vitro [246] . In murine carcinoma models, curcumin has also been shown to reduce the number and size of tumors, and even ameliorate tumor-induced immunodepletion of the host [247] . Phase I clinical studies of curcumin have shown that this agent can be administered safely at oral doses of up to 8 g per day with no doselimiting toxicity [248] . A recent phase II study of curcumin has shown that this compound has useful biological activities in patients with pancreatic cancer [249] . Various approaches are being investigated to overcome the limitations of curcumin bioavailability, such as the synthesis of curcumin analogs and development of improved delivery platforms for the parent compound, such as liposomal, nanoparticulated, and phospholipid complex formulations of curcumin [250] .
The anti-tumor effects of curcumin on CTCL cell lines (cutaneous T cell lymphoma-leukemia cells) and peripheral blood mononuclear cells (PBMCs) from Mycosis Fungoides/Sézary syndrome (MF/SS) patients with a high percentage of circulating tumor T-cells were examined. It was shown that constitutive activation of STAT3 contributed to oncogenesis by stimulating cell proliferation and preventing apoptosis in CTCL cell lines. Western blot was performed in order to determine whether STAT signaling was involved in curcumin-induced apoptosis. The results showed that expression levels of both STAT3 and phosphorylated STAT3 decreased by a range of 21-55% and 38-47%, respectively, in CTCL cells compared with untreated controls. Moreover, mRNA expression levels of Bcl-2 decreased by 22-94%, and protein and mRNA expression levels of survivin decreased by 11-95% compared with untreated controls. From these findings, it can be concluded that curcumin selectively induces apoptosis in CTCL cell lines and PBMCs of MF/SS patients.
Glioblastomas are known to be the most common and most deadly of primary brain tumors [251] . The anti-cancer effects of curcumin were evaluated on glioma cells were evaluated in vitro and in vivo using an immunocompetent orthotopic mouse model. Curcumin inhibited JAK1, JAK2, and STAT3 tyrosine-phosphorylation in a dose-dependent manner in murine glioma cell lines. Real-time RT-PCR revealed that curcumin down-regulated the transcription of STAT3 target genes such as c-Myc, MMP-9, Snail, and Twist, and Ki67. In addition, curcumin suppressed cell proliferation by inducing a G 2 /M phase arrest in a dose-dependent manner.
In addition, in a report by Bharti et al. [252] , it was demonstrated that curcumin, a pharmacologically safe agent in humans, inhibited IL-6-induced STAT3 phosphorylation and consequent STAT3 nuclear translocation. Whether curcumin affects the phosphorylation of other STAT proteins in U266 cells was investigated. Besides STAT3, it was found that U266 cells expressed STAT5. Curcumin had no effect on STAT5 phosphorylation, but inhibited the IFN-α-induced STAT1 phosphorylation. The constitutive phosphorylation of STAT3 found in multiple myeloma U266 cells was also abrogated upon treatment with curcumin. Also, CD138 + cells obtained from the bone marrow of 22 myeloma patients were examined for STAT3 and NF-κB activation after exposure to 50 μM curcumin for 2 h [115] . The results indicated that exposure to curcumin down-regulate STAT3 activation and survival of CD138 + cells derived from multiple myeloma patients.
Diosgenin
Diosgenin is a steroid sapogenin obtained from fenugreek (Trigonella foenum graecum). Various studies have shown that diosgenin suppresses proliferation and induces apoptosis in a wide variety of cancer cells. Anti-proliferative effects of diosgenin are mediated through cell-cycle arrest, disruption of Ca 2 + homeostasis, activation of p53, release of apoptosis-inducing factor, and modulation of caspase-3 activity [253] . The effects of diosgenin on human HCC cell line, C3A were investigated. C3A cells were incubated with different concentrations of diosgenin for 6 h, and the phosphorylation of STAT3 was examined [254] . Diosgenin inhibited the constitutive activation of STAT3 in C3A cells in a dose-dependent manner, with maximum inhibition occurring at around 100 μM. It was also shown that IL-6-induced STAT3 phosphorylation in HUH-7 cells was suppressed by diosgenin in a timedependent manner. Additionally, it was found that diosgenin suppressed the constitutive phosphorylation of JAK1 and JAK2 in a time-dependent manner. The expression of cyclin D1, Bcl-2, Bcl-xL, survivin, Mcl-1, and the angiogenic gene product, VEGF, also decreased in a time-dependent manner, with maximum suppression observed at around 24 h. Further in vivo studies with diosgenin either alone or along with existing chemotherapeutic drugs are needed to demonstrate the potential application of diosgenin for treatment of cancers.
Guggulsterone
Guggulsterone (GS) is derived from Commiphora mukul and is used to treat obesity, diabetes, hyperlipidemia, atherosclerosis, and osteoarthritis [255, 256] . GS has also been shown to have potent anti-cancer potential due to its ability to suppress the proliferation of a wide variety of human tumor cell types, including leukemia, head and neck carcinoma, multiple myeloma, lung carcinoma, melanoma, breast carcinoma, prostate, and ovarian carcinoma [257, 258] . A study by Ahn et al. [255] further demonstrated the effects of GS on constitutive STAT3 activation in multiple myeloma cells. It was found that GS inhibited the constitutive activation of STAT3 in U266 cells in a dose-dependent manner with maximum inhibition occurring at 10 to 25 μM. The inhibition was also time-dependent, with maximum inhibition occurring at 4 h. Since tyrosine phosphorylation causes dimerization of STAT3 and its translocation to the nucleus, where it binds to DNA and regulates gene transcription, the question arose whether GS could suppress the DNA-binding activity of STAT3. The nuclear extracts prepared from U266 cells showed that GS decreased STAT3 DNAbinding activity in a dose-and time-dependent manner. Because IL-6 is a growth factor for multiple myeloma cells and induces STAT3 phosphorylation [259, 260] , it was also determined whether GS could inhibit IL-6-induced STAT3 phosphorylation in multiple myeloma cells pretreated with GS for 4 h. Indeed, IL-6-induced STAT3 phosphorylation was suppressed. Because protein tyrosine phosphatases have been implicated in STAT3 activation [261] , it was further determined whether GS could inhibit STAT3 tyrosine phosphorylation by activating protein tyrosine phosphatase (PTPase). Treatment of U266 cells with the tyrosine phosphatase inhibitor sodium pervanadate reversed the GS-induced inhibition of STAT3 activation. This suggests that tyrosine phosphatases are involved in GS-induced inhibition of STAT3 activation. STAT3 regulates cyclin D1 which is required for cell proliferation and for transition from G1 to S phase of the cell cycle [262] . It was shown that GS treatment suppressed the expression of cyclin D1 in a time-dependent manner. GS also down-regulated the expression of Bcl-2, Bcl-xL, and Mcl-1, and VEGF in a time-dependent manner [255] . Furthermore, a time-dependent activation of caspase-3 upon GS treatment was also observed. Activation of downstream caspases led to the cleavage of PARP protein. Thus, these results clearly suggest that GS induces caspase-3-dependent apoptosis in U266 cells. In another study, a dose-dependent decrease in cell viability was observed in human head and neck squamous cell carcinoma (HNSCC) cell lines upon treatment with GS. GS was also observed to induce apoptosis and cell cycle arrest, inhibit invasion, and enhance the efficacy of erlotinib, cetuximab and cisplatin in HNSCC cell lines. HIF-1α was also decreased in response to GS treatment. In a xenograft model of HNSCC, GS treatment resulted in increased apoptosis and decreased expression of STAT3. Therefore, these results suggest that the inhibition of STAT3 and HIF-1α by GS provide a strong rationale for further clinical investigation of this compound in the treatment of HNSCC [263] [264] [265] . Moreover, the reported safety of GS [266] makes it a good candidate for complementary and preventive therapy.
Honokiol
Honokiol is a small molecular weight natural product and is the main active compound of Magnolia officinalis, which is widely known to ameliorate microbial infection, inflammation, and gastrointestinal disorder and is used in traditional Chinese medicinal systems [267] . The ability of honokiol to modulate constitutive STAT3 activation in HCC cells was investigated by Rajendran et al. [268] . HepG2 cells were incubated with different concentrations of honokiol for 6 h, and the phosphorylation of STAT3 was examined by Western blot. The results showed that honokiol inhibited the constitutive activation of STAT3 in HepG2 cells in a dose-dependent manner, with maximum inhibition occurring at 50 μM. The inhibition of STAT3 was time-dependent, with complete inhibition occurring at 6 h. Moreover, the analysis of nuclear extracts showed that honokiol inhibited STAT3-DNA binding activities in a time-dependent manner. In HUH-7 cells incubated with honokiol, IL-6-induced STAT3 and JAK2 phosphorylation was suppressed by honokiol in a time-dependent manner. Phosphorylation of JAK2 was suppressed in a time-dependent manner upon treatment of HepG2 cells with honokiol. It was observed that honokiol induced the expression of SHP-1 protein in HepG2 cells in a dose-dependent manner, with maximum expression at 25-50 μM [29] . This stimulation of SHP-1 expression by honokiol correlated with the downregulation of constitutive STAT3 activation in HepG2 cells. The expression of the cell cycle regulator, cyclin D1, the anti-apoptotic proteins Bcl-2, Bcl-xL, survivin, Mcl-1 and the angiogenic gene product VEGF decreased in a timedependent manner upon honokiol treatment, with maximum suppression observed at around 24 h. Additionally, honokiol potentiated the apoptotic effect of doxorubicin and paclitaxel in HepG2 cells [269] i.e. treatment of cells with honokiol together with either doxorubicin or paclitaxel significantly enhanced the apoptotic effects of doxorubicin from 12% to 36% and of paclitaxel from 10% to 32%.
Synthetic blockers of STAT3 activation cascade
As indicated earlier, the JAK/STAT signaling pathway is involved in the regulation of cell growth, differentiation, and apoptosis [270] . Persistently active STAT3 is found in a wide range of human cancer cell lines and tissues where it was found to stimulate cell proliferation, promote angiogenesis, mediate immune evasion, and confer increased resistance to apoptosis, thereby contributing to oncogenesis. Thus it can be suggested that anti-STAT3 inhibitors hold great potential as promising targets for anti-cancer therapy. All STAT proteins in mammals consist of six domains, as follows: N-domain (ND), coiled-coil, DNAbinding, linker, Src homology 2 (SH2), and transcriptional activation domain [271] . These inhibitors exert their pharmacological effects by diverse mechanisms such as blocking abnormally activated upstream kinases such as JAK and Src or directly suppressing the STAT3 phosphorylation [272] . Most of the currently available inhibitors act by preventing STAT3 tyrosine phosphorylation i.e. they directly bind to the SH2 domain of STAT3 and prevent tyrosine phosphorylation, protein dimerization, and transcriptional activity [273] . The ND of STAT3 is involved in many protein-protein interactions, such as the interaction of two STAT dimers on neighboring sites to form a more stable tetramer, the interaction of STAT3 with other transcription factors and co-factors leading to formation of enchanceosomes and the interaction with histone-modifier proteins to cause changes in chromatin structure [274, 275] . Moreover, the ND is also involved in interaction with receptors and in the nuclear translocation of STATs [276] . The domains are about 130 residues long and contain eight helices, which comprise most of the NDs [106] . A number of targeted libraries of cell-permeable analogs of the STAT3 second helix have been synthesized and are found to be potent inhibitors of STAT3-dependent cancer cell survival and growth. Cell-permeable derivatives of the STAT3 second helix were found to directly and specifically bind to STAT3. In addition, the inhibitors caused significant changes in the mitochondrial potential of cancer cells, leading to cell death. Thus, these compounds are promising drug candidates and have provided a better understanding of the crucial role of the ND in STAT3 function [277] .
One approach to prevent STAT3 from promoting transcription would be to inhibit the tyrosine kinase activities of JAKs that activate STAT3; however, in most cancers, the inhibition of multiple kinase pathways has been found to be impractical [278] [279] [280] . Several smallmolecule JAK inhibitors (such as AG490, LS-104, INCB018424, and CEP-701) have been tested in tumor xenograft models and some clinical trials for cancer [280] . Both in vitro and in vivo, AG490 was recorded to inhibit JAK2 activity, thereby reducing activated STAT3 levels, blocking STAT3 DNA binding, and inhibiting the growth of cancer cells. Furthermore, LS-104, a closely related analogue of AG490, has progressed to phase II clinical trials for acute lymphoblastic leukemia [281] . INCB018424, a small-molecule inhibitor of both JAK1 and JAK2, suppresses levels of phosphorylated STAT3 in subjects with mutant and wild-type JAK2 [282] . INCB018424 is observed to elicit a clinical benefit in myelofibrosis patients while producing mild myelosuppression in 10% of patients. In a phase II study of CEP-701, levels of phosphorylated STAT3 have been reported to decrease upon treatment with the drug [280] . In multiple myeloma, JAKs are persistently activated due to a constant stimulation by IL-6, which is produced in the bone marrow environment. INCB20 is a synthetic molecule that potently inhibits all members of the JAK family. Treatment of multiple myeloma cell lines and patient tumor cells with INCB20 resulted in a significant dose-dependent inhibition of IL-6-induced cell growth. INCB20 also abrogated the protective effect of IL-6 against dexamethasone by blocking phosphorylation of SHP-2 and AKT. In a severe combined immunodeficient mice xenografted with INA-6 human multiple myeloma cells, INCB20 significantly delayed INA-6 tumor growth. These studies show that disruption of JAKs and downstream signaling pathways may inhibit myeloma cell growth and survival as well as overcome cytokine-mediated drug resistance, thereby providing the pre-clinical rationale for using JAK inhibitors as a novel therapeutic approach in multiple myeloma [283] .
The Philadelphia chromosome (Ph1), created by the reciprocal translocation between chromosomes 9 and 22, contains a gene called Bcr-abl that encoded for a fusion protein called bcr-abl, and is the hallmark of chronic myelogenous leukemia (CML). The tyrosine kinase activity of the bcr-abl protein is required for the transformation into CML [284] . STAT3 was found to be specifically activated by bcr-abl in a murine embryonic stem (ES) cell model and in primary CD34 + CML cells [285] . Bcr-abl substantially phosphorylated STAT3 at Ser727 residue and, to a lesser extent, Tyr705 residue in Bcr-abl expressing cell lines such as UT7-p210 (human megakaryoblastic leukemia cell line), MO7E-p210 (human megakaryoblastic leukemia cell line), and K562 (human chronic myelogenous leukemia cell line) and in primary CD34 + CML cells. Inhibition of Bcr-abl with imatinib mesylate led to a dose-dependent downregulation of total STAT3 protein and mRNA, thereby suggesting that Bcr-abl may also be involved in the transcriptional regulation of STAT3 [286] . A novel approach using peptide aptamers that inhibit EGFRmediated phosphorylation of STAT3 have also been identified in a modified yeast two-hybrid screen [287] . However, a drawback of peptide inhibitors is poor cell permeability and metabolic stability, thus prompting the search for peptidomimetics and small-molecule derivatives. Several small-molecule inhibitors have been identified through peptide-and peptidomimetic-inspired rational design including in silico computational approaches and in vitro high-throughput screening [38, 39] . A non-peptide small molecule called Stattic selectively inhibits STAT3 by directly binding to the SH2 domain [288] . The SH2 domain of STAT3 is important for the activation of STAT3 and its nuclear translocation, which is inhibited by Stattic. In a study by Turkson et al. [43] , cell lysates prepared upon treatment with 10 μM of Stattic showed a 7.6-fold increase in the sub-G 1 population in the STAT3-dependent MDA-MB-231 human breast adenocarcinoma cells and a 14.4-fold increase in MDA-MB-435S human melanoma cells. In contrast, only a slight increase (1.7-fold) in the sub-G 1 population was observed in the STAT3-independent MDA-MB-453 cells, suggesting the induction of apoptosis in a STAT3-dependent manner. Moreover, terminal deoxynucleotidyl transferase-mediated nick end labeling (TUNEL) assay revealed significant apoptosis in MDA-MB-435S cells after treatment with 10 μM Stattic for 24 h. To summarize, Stattic inhibits binding of tyrosine-phosphorylated peptide motif to the STAT3 SH2 domain and abrogates dimerization and DNA binding of STAT3. It potently suppresses STAT3 activation and nuclear translocation, and selectively induces apoptosis of STAT3-dependent cancer cell lines, thus making it a potentially useful tool for the inhibition of STAT3 activation.
Another strategy to block STAT3-protein interactions employs G-rich oligodeoxynucleotides that form potassium-dependent four-stranded structures (i.e., G quartets) to occupy sites within the STAT3 SH2 domains. Double-stranded oligodeoxynucleotides (dsODN) are designed and synthesized to mimic cis regulatory elements within genes that are activated by STAT3, which then compete for active STAT3 dimers and block induction of STAT3-responsive gene expression and tumor cell growth in vitro [39, 287] . The inhibition of STAT3-mediated transcription, elicited by daily intratumoral injections of a STAT3-specific dsODN decoy, has also been reported to reduce tumor cell growth in mouse xenograft models [289, 290] . In a safety trial conducted in cynomolgus monkeys, intramuscular injection of 3.2 mg/kg of a STAT3 dsODN decoy produced no observable adverse effects despite reductions in STAT3 target gene expression at the site of injection [290] . Moreover, a sequence-specific RNA interference (RNAi) method to switch off constitutive STAT3 expression has also been studied. The most effective sequence of a synthetic small interfering RNA (siRNA) specific for STAT3 and its effect on suppression of the growth of oral squamous cell carcinoma cells has been investigated. Thus, targeting STAT3 using siRNA may represent a useful approach for the treatment of oral squamous cell carcinoma [291] . Furthermore, the platinum compounds appear to disrupt STAT3 DNA binding activity and reduce phosphotyrosine levels of STAT3 [292] . The fourth-generation platinum complex, CPA-1 and CPA-7, have been demonstrated to suppress tumor proliferation and metastasis [43] . In addition, CPA-1 and CPA-7 interfere with STAT3 and disrupt its ability to bind to DNA in breast carcinoma, mouse melanoma, prostate cancer and lung carcinoma cells. In a study by Liby et al. [293] myeloma and lung cancer cells were treated with the new synthetic triterpenoid, 2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oicacid (CDDO)-Imidazolide (CDDO-Im), and the effects on STAT3 phosphorylation and apoptosis were evaluated. It was reported that CDDO-Im suppressed constitutive or IL-6-induced STAT3 phosphorylation in human myeloma and lung cancer cells within 30-60 min and at nanomolar levels. Furthermore, CDDOIm up-regulated critical inhibitors of STATs, such as suppressor of cytokine signaling-1 and SH2-containing phosphatase-1. Thus, CDDOImidazolide is a potent suppressor of STAT signaling pathway and warrants further evaluation of the mechanistic basis for future clinical use to control inflammation or cell proliferation [293, 294] . In conclusion, it can be observed that it is important to develop new drugs to control the activation of STAT signaling pathway, particularly their phosphorylation state, which is required for the gene expression.
Conclusion and perspectives
STAT proteins were originally discovered in the context of normal cytokine signaling and were not considered as potential targets for cancer therapy at that time. Recent studies provide evidence for persistent STAT activation at high frequency in clinical tumor samples, so that STAT3 now emerges as an attractive target for tumor treatment. Persistent STAT3 activation in tumor cells seems to disrupt the normal physiological roles in controlling cell growth, survival, angiogenesis and immune function while conversely, blockade of STAT3 in cultured tumor cells was found to induce apoptosis, inhibit cell proliferation, suppress angiogenesis and stimulate immune responses. Inhibiting STAT3 at the source of activating signaling pathways would be challenging because healthy cells would also be affected, unless there is a way to accurately target only tumor cells. As STAT3 is activated by dimerization and then binds DNA to perform its functions, specific inhibitors targeting the disruption of their protein-protein interactions or DNAbinding activity, are more promising agents. Inhibitors may target upstream kinases, such as JAK2 or Src, or act as inducers of Src homology 2 phosphatases. After a decade of preclinical evaluation of STAT3 inhibitors, limited translational studies are currently in progress. The design and discovery of truly specific and potent STAT3 inhibitors is a challenging process. There is an abundance of natural compounds with inhibitory properties against this transcription factor that could act as lead compounds for the synthesis of more efficient molecules. The most important hurdle for the development of a STAT3 inhibitor as potential therapeutics will be the demonstration of their anti-tumor efficacy in in vivo systems and lack of toxicity in relevant animal models of human cancer.
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